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Introduction 38
Consumption of omega-3 polyunsaturated fatty acids (ω-3 PUFAs), such as eicosapentaenoic 39 acid (EPA; C20:5) or docosahexaenoic acid (DHA; C22:6), has been reported to have 40 beneficial effects on human health, such as lowering blood cholesterol and reduced risk of 41 several diseases (Hammer & Schieberle, 2013) . The fact that their biosynthetic pathways are 42 slow encourages nutritionists to enrich the human diet with fatty fish containing high 43 amounts of ω-3 PUFAs. Fresh fish however is not the only way of incorporating these fatty 44 acids into the diet. There are in fact many other sources of fatty acids such as fish oils, pills or 45 different foods enriched with specific fatty acids (Caprino, Moretti, Bellagamba, et al., 2008; 46 Dawczynski, Schubert, & Jahreis, 2007; Hammer & Schieberle, 2013; Sanchez-Machado, 47 constant stirring and controlled conditions of temperature and pH (60 ºC at pH 6). The 113 reaction was terminated by heating the mixture to 95 °C for 20 minutes to inactive the 114 enzyme. The resulting slurry was centrifuged at 7,200 g for 20 minutes. The obtained 115 supernatant, fish powder hydrolysate (FPH), was then used for subsequent reactions to 116 generate aroma compounds via Maillard reactions. Aliquots of FPH (0.2 mL) were mixed and 117 homogenised with glucose solution (0.05 mL (100 µmol/mL) in glass reaction vials and 118 freeze-dried. Glycerol (200 µL) was added to each freeze-dried sample as carrier agent. Fish 119 oil (1.5 or 3 g/100 g) was added to some of the samples according to the experimental design. 120
Finally, samples in closed vials were homogenised and heated in a thermostatic oil bath at 121 110 ºC for 30 min to promote flavour formation, and then cooled on ice. All samples were 122 prepared in triplicate and stored at -80 °C before volatile and sensory analyses. 123
Sensory evaluation 124
FPH-Maillard reaction model systems were evaluated using a triangle test (Kemp, Hort, & 125 Hollowood, 2009; Meilgaard, Civille, & Carr, 2007) . As the aim of the sensory evaluation 126 was to investigate whether panellists would be able to differentiate between samples 127 containing EPA or DHA, only one percentage of oil was selected (1.5 g/100 g). Testing was 128 conducted using a non-trained panel of assessors aged 20-40 (n = 21; 13 female, 8 male). 129 Three sets of the total possible combinations were presented to each assessor; each vial was 130 anonymised and coded with random three-digit numbers. Assessors were asked to sniff the 131 samples and select the different one. Moreover, an extra set containing the three coded 132 samples was served to the panellists and they were asked which samples they preferred. The 133 sensory testing took place as according to British Standard 5929 (1986).
Analyses 135

Chemical analyses. Composition of fish powder and fish oil. 136
The moisture, ash and extractable fat content of the fish powder were calculated according to 137 the Association of Official Analytical Chemists (AOAC, 2000) . Total protein was determined 138 by the Kjeldahl method using a nitrogen conversion factor of 6.25. pH and colour analyses of 139 the FPH-Maillard reaction systems were conducted after the addition of 2 mL of Milli-Q 140 water. Spectrophotometric measurements were carried out at room temperature on an 141
Ultrospec 2000 UV/Vis spectrophotometer (Pharmacia Biotech, Little Chalfont, UK) at 420 142 nm and pH measurements were obtained using an electronic pH meter 143 Greifensee, Switzerland). held at 320 °C for 2 min. The transfer line was held at 320 °C, and the carrier gas was helium 174 at a constant flow rate of 1.1 mL/min. The ion source was maintained at 320 °C 175
Standard mix stock solution (200 µM each) of 15 non-basic amino acids (Ala, Asp, Glu, Gly, 176
His, Ile, Leu, Lys, Met, Orn, Phe, Pro, Ser, Thr, Val) in hydrochloric acid (0.1 M) and 2 basic 177 amino acids (Asn and Gln) in water were prepared; different dilutions (10 to 150 µM) were 178 derivatised and calibration curves were plotted for each amino acid (effect of food matrix 179 composition was studied by spiking samples). Norvaline (100 µL, 0.2 mM) was used as the 180 internal standard.
Volatiles analysis 182
GC-MS analyses were performed using an Agilent 7890A gas chromatograph equipped with 183 a DB-WAX capillary column (60 (Table 1) . Linolenic acid C18:3 was not present in 218 the fish powder while a considerable amount (3.8 ± 0.6) was found in the fish oil. 219
A total of 14 amino acids were identified and quantified in the samples. As expected, only a 220 few free amino acids were present in the un-hydrolysed fish powder, including alanine, 221 glycine, leucine, asparagine and glutamic acid, this being the most abundant. In comparison, 222 FPH contained 14 free amino acids; leucine, glutamic acid, lysine and alanine increased their 223 concentrations 2-5 fold (365-675 µg/g) while glycine, valine, isoleucine, threonine, serine, 224 proline, asparagine, methionine, phenylalanine and remaining amino acids that had not been 225 detected in the un-hydrolysed fish powder were found in small concentrations. Other authors 226 such as Sathivel, et al., (2003) and Shahidi, Han, & Synowiecki, (1995) found similar results 227 although values might differ as different enzymes and raw materials were utilised across 228 studies.
Thermal degradation of EPA and DHA 230
In order to better understand the effect of EPA and DHA added to model reaction systems on 231 flavour formation, kinetic studies of the pure compounds were conducted at 110 ºC. Although 232 both EPA and DHA followed a similar pattern (Figures 1 and 2) , with a sharp decline in their 233 concentration, circa 70% between 0-15 minutes of heating, EPA seemed to follow a slower 234 degradation process compared to DHA. Figures 1 and 2 illustrate the concentration (%) of 17 235 volatile compounds, associated with the thermal degradation of both fatty acids (Table 2) . 236
During heating of both fatty acids (EPA and DHA), most aldehydes concentrations increased 237 between 2 and 8-fold after 15 minutes of heating, remaining stable thereafter. This trend was 238 coincident with the degradation of the corresponding fatty acid. In contrast, pentanal 239 remained stable while other aldehydes showed a small decrease, remaining steady with time 240 of heating. In both cases, the most abundant aldehyde was (E,E)-2,4-heptadienal, regardless 241 of time of heating (132 ± 44 to 329 ± 122 µmol/g). It is known that aldehydes, significantly 242 contribute to the overall aroma of cooked fish/seafood due to their low threshold values, and 243 they derive from the degradation of fatty acids and triglycerides by autoxidation and 244 subsequent formation of hydroperoxides (Ganeko et al., 2008; Hammer & Schieberle, 2013; 245 Varlet, Prost & Serot, 2007) . Heating increases the hydroperoxide formation by autoxidation 246 of the unsaturated double bonds found in large amounts in polyunsaturated fatty acids (DHA 247 and EPA). In our case, the sharp increase in some aldehydes such as (E,E)-2,4-heptadienal 248 and (Z)-4-heptenal suggests that they were the main oxidation products from DHA and EPA 249 thermal degradation. In fact, in a previous study, an increase in (E,E)-2,4-heptadienal (0.212 250 ± 0.015 to 2.0 ± 0.9 µg/mL) was reported when fish powder hydrolysates produced by 251 different commercial enzymes were heated, that increase being higher in samples containing 252 fish oil (Peinado et al., 2016) . This is in agreement with several authors, such as Decker, to 34,320 nmol/g). Aldehydes octanal and nonanal increased in samples containing FO (Table  288 3); they might possibly derive from the high amounts of oleic acid present in both FPH and 289 fish oil (Table 1) Aldehydes, specifically Strecker degradation derived, might impart nutty/malty nuances to 295 the product while heptanal, octanal or nonanal might impart a more characteristic fishy 296 flavour (Caprino et al., 2008; Giri, Osako & Ohshima, 2010; Selli & Cayhan, 2009) . 297
Ketones together with aldehydes are the main products of lipid autoxidation of fatty acids or 298 the auto-oxidation of unsaturated fatty acids via hydroperoxides (Girard & Durance, 2000; 299 Giri et al., 2010) . In addition, they can also be produced as a secondary products from the 300 Strecker reaction in Maillard reaction systems (Giri et al., 2010) . In this study a ~2-fold 301 increase was observed in the concertation of 3-octen-2-one in those samples containing fish 302 oil, suggesting it as a product from the oxidation of fatty acids other than EPA or DHA. In 303 contrast, significantly large increases were observed in 2-furyl methyl ketone with EPA and 304 DHA addition, suggesting them as its precursors. 305
Similar to aldehydes and ketones, alcohols may be formed by secondary decomposition of 306 hydroperoxides of fatty acids (Giri et al., 2010) . However, they have also been attributed to 307 enzymic peroxidation of n-3 and n-6 polyunsaturated fatty acids. In fact, an important 308 increase in 1-penten-3-ol was observed in samples containing EPA and DHA, while increases 309
in (E)-3-hexen-1-ol and 4-hepten-1-ol were also observed. It is important to highlight, that as 310 mentioned before, unsaturated alcohols, such as 1-penten-3-ol, might have a greater impact 311 on the overall aroma (Kawai & Sakaguchi, 1996; Selli & Cayhan, 2009) . 312
Pyrazines are characteristic compounds derived from the Maillard reaction imparting 313 amongst other roasted and nutty flavours (Giri et al., 2010; Taylor & Mottram, 1990) . Table 3  314 illustrates a slight increase in the concentration of pyrazines compared to the control (no oils 315 added), which implies that the addition of lipid oxidation products did not significantly 316 contribute. In some cases a significant decline was observed for some individual compounds, 317 such as the dimethyl pyrazines with EPA and DHA addition; while it remained stable when 318 fish oil was added (table 3) . 319
Sensory evaluation 320
Sensory differences in aroma perception between FPH-Maillard reaction model systems 321 containing fish oil (FPHs-Mr-FO), EPA (FPHs-Mr-EPA) or DHA (FPHs-Mr-DHA) were 322 assessed using triangle tests. A minimum correct number of responses (p < 0.05 for 21 323 assessors) was established as 12 (Meilgaard et al., 2007) . 324
Panellists were only able to differentiate between FPHs-Mr-FO and FPHs-Mr-EPA (15 325 correct responses). In fact, there were significant differences (p < 0.05) between the pH of 326
FPHs-Mr-FO and FPHs-Mr-EPA (Table 3 ). The addition of EPA led to samples with a more 327 acidic pH when compared to samples with added DHA or fish oil, which was attributed to the 328 formation of lower levels of propanoic acid, butanoic acid and pentanoic acid (Figures 1 and  329 2). 330
In addition, sensory results established that FPHs-Mr-FO was the singularly most preferred 331 sample among panellists. The most probable cause of these findings may be, once again, 332 down to the less acidic content of that sample together with the volatile profile. Generally, the 333 aroma of the FO fortified samples included less of the aliphatic aldehydes, which are prone to 334 produce fishy or rancid type odours, such as (Z)-4-heptenal, hexanal and (E,E)-2,4-335 heptadienal. Similarly, the concentration of 1-penten-3-ol was smaller compared to samples 336 with EPA and DHA addition, while the concentration of pyrazines, associated with nutty, 337 sweet, baked and roasted aromas, and generally considered more appealing (Ganeko et al., 338 2008b; Giri et al., 2010; Varlet et al., 2007) 635±4  114±3  224±15 675±15 227±5 194±21 178±42  60±3  84±2  125±8 470±31  255±3  1  369±80  138±3 *Biocatalysts, Ltd. **Production of fish powder hydrolysate (FPH): fish powder (100 g/L in water) + commercial enzymes (Flavopro), heated overnight (15 h) at constant stirring (pH 6, and 60 ºC, enzyme (10-20 g/L).
